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Lead sulfide and lead selenide thin films have been deposited from dichalcogenoimidophosphinate lead
(II) complexes by AACVD. The synthesis of the precursors, [Pb((S)PPh2)2N)2] and [Pb((Se)PPh2)2N)2], is
reported and the single crystal X-ray crystal structure of [Pb((S)PPh2)2N)2] determined. The films were
characterised by p-XRD and SEM.
 2016 The Authors. Published by Elsevier B.V. This is an open access articleunder the CCBY license (http://
creativecommons.org/licenses/by/4.0/).1. Introduction
The dichalcogenoimidophosphinate lead(II) complexes, [Pb((E)
PPh2)2N)2] (E = S (3) and Se (4)), have not been explored for the
deposition of lead chalcogenide thin films by aerosol assisted
chemical vapour deposition (AACVD). Both complexes are easily
synthesised and have good solubility in solvents typically used
for AACVD. The ligand family offers easy access to both selenium
and sulfur derivatives through reaction with the elemental chalco-
gen during synthesis. This approach is advantageous as compared
to that for selenoxanthates or diselenocarbamates as noxious car-
bon diselenide is avoided [1].
Lead sulfide and lead selenide and both semi-conductors with
direct bulk band gaps of 0.41 eV and 0.27 eV at room temperature
respectively. These narrow band gaps allow absorption in the
infra-red region of the electromagnetic spectrum with potential
applications in photovoltaic cells, infra-red detectors and thermo-
electrics [2,3]. The ability to produce nanometric lead chalco-
genides below the Bohr radius allows band gap tuning to access
the entire visible spectrum through quantum confinement [4].The coordination chemistry of dichalcogenoimidophosphinates
has been pursued with many metallic and semi-metallic elements
[5]. Dichalcogenoimidophosphinates are, in some respects, ana-
logues of the ‘well-known’ b-diketonates, [R2C(O)CHC(O)R2],
although the presence of sp3 hybridised phosphorous centres
increases the flexibility along the EPNPE backbone. This flexibility
allows dichalcogenoimidophosphinates to adopt several possible
coordination modes on binding to metal centres with the most
common being isobidentate and anisobidentate chelation at the
chalcogens depending on the degree of delocalision [6]. Mixed
chalcogen dichalcogenoimidophosphinates are also available via
the sequential addition of different chalcogens. Single molecular
precursors, also known as single source precursors (SSPs), are
well-established for the formation of semi-conductor materials
via AACVD, solventless reactions and colloidal routes [7–9]. Lead
chalcogenide thin films have been formed from SSPs including
dichalcogocarbamates [10–14], xanthates [15–18],
dichalcogenophosphinates [19,20], dichalcogenophosphates
[21,22] and N-acyl selenoureas [23,24]. In addition,
dichalcogenoimidophosphinate lead(II) complexes have been used
to deposit PbS and PbSe by low pressure metal organic chemical
vapour deposition [12]. AACVD deposited PbTe films have been
reported from [Pb((TePiPr2)2N)2] by O’Brien et al. [25] Whereas
dichalcogenoimidophosphinate lead(II) complexes have been used
as precursors for hot-injection synthesises of PbSxSe1x [26], PbSe
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from injecting the precursor into hot tri-n-octylphosphine and
tri-n-octylphosphine oxide.
The single source precursors of type [Pb((E)PPh2)2N)2] (E = S or
Se) were synthesised and successfully used to deposit binary lead
chalcogenide thin films of PbS and PbSe by AACVD. In addition,
the crystal structure of [Pb((SPiPr)2N)2] is reported. This work
demonstrates the potential for dichalcogenoimidophosphinate
lead(II) complexes as precursors for the clean formation of PbS
and PbSe thin films.2. Experimental
2.1. Chemicals
Chlorodiisopropylphosphine (96%, Sigma-Aldrich), hexamethyl-
disilazane (P98%, Alfa Aesar), sulfur (P99.5%, 100 mesh, Sigma-
Aldrich), selenium (P99.5%, 100 mesh, Sigma-Aldrich), lead(II)
acetate trihydrate (P99.99%, Sigma-Aldrich), hexane (P97.0%,
Sigma-Aldrich), dichloromethane (P99.8%, Sigma-Aldrich), petro-
leum ether 40–60 C (P95.0%, Sigma-Aldrich) and tetrahydrofuran
(P99.99%, Fisher) were all used as received without further
purification.2.2. Synthesis of imino-bis(diisopropylphosphine selenide),
HN(iPr2P(Se))2 (1)
The ligands were synthesised according to literature procedures
and were performed under N2 [27,28]. A solution of chlorodiiso-
propylphosphine (12.5 g, 82 mmol) in dry toluene (25 ml) was
added drop wise to a stirred solution of hexamethyldisilazane
(6.61 g, 41 mmol) in toluene (25 ml) at 50 C. The reaction was
heated and stirred for a further three hours after which time the
reaction mixture was allowed to cool to room temperature. Sele-
nium powder (6.47 g, 82 mmol) was added and the mixture was
refluxed for six hours. Upon cooling to room temperature a colour-
less precipitate formed which was collected by filtration. The
colourless product was dissolved in dichloromethane and excess
selenium was removed by filtration. The solvent was removed in
vacuo yielding the crude product which was recrystallised from
dichloromethane and hexane. Elemental Anal. Calc. for C12H29NP2-
Se2 (Mw = 407.24): C, 35.39; H, 7.18; N, 3.44; P, 15.21. Found: C,
37.14; H, 7.56; N, 3.48; P, 14.93. 1H NMR (CHCl3) d = 3.12 (s, 1H;
NH), 2.76–2.59 (m, 6H; CH), 1.30–1.18 (m, 24H; CH3). 31P{1H}
NMR (CDCl3): 90.13 ppm. mmax/cm1 3204 s (N–H), 899 s (PNP),
875 s (PNP)m/z 408 (M, 100%) 921 (3%). m.p. = 178–180 C. Yield:
3.80 g, 22.74%.2.3. Synthesis of imino-bis(diisopropylphosphine sulfide),
HN(iPr2P(S))2 (2)
The procedure for synthesis of (2) is the same as for (1) except
sulfur (2.6 g, 82 mmol) was added in place of selenium. After sulfur
addition the reaction mixture was refluxed for 12 h. Elemental
Anal. Calc. for C12H29NP2Se2 (Mw = 313.44): C, 45.98; H, 9.33; N,
4.47; P, 19.76. Found: C, 45.34; H, 9.36; N, 4.61; P, 18.79. 1H
NMR (CHCl3): 2.97 (s, 1H; NH), 2.61–2.47 (m, 4H; CH), 1.29–1.17
(m, 24H; CH3). 31P{1H} NMR (CDCl3): 90.42 ppm. mmax/cm1
3237 s (N-S) 901 s (PNP), 876 s (PNP) m/z 312 (MH, 100%) 348
(15%). m.p. = 179–181 C. Yield: 4.51 g, 35.08%.2.4. Synthesis of diselenoimidophosphinate lead(II), [Pb((Se)PiPr2)2N)2]
(3)
The complexes were synthesised using a modified procedure
from that of O’Brien et al. [12]. In brief, sodium methoxide
(4.9 mmol, 0.30 g) was added to a stirred solution of HN(iPr2P
(Se))2 in anhydrous methanol (100 ml). PbCl2 (2.5 mmol, 0.68 g)
in water (50 ml) was added drop-wise. The precipitate was col-
lected and washed with methanol (100 ml). The product was
recrystallised from a mixture of chloroform and methanol yielding
yellow crystals. Elemental Anal. Calc. for C24H58N2P4Se4Pb
(Mw = 1021.68): C, 28.33; H, 5.35; N, 2.75; P, 12.17. Found: C,
29.37; H, 5.60; N, 2.79; P, 12.46. 1H NMR (CHCl3): 2.26–2.14 (m,
8H; CH), 1.25–1.16 (m, 48H; CH3). 31P{1H} NMR (CDCl3):
55.60 ppm. m.p. = 1131–133 C. Yield: 1.54 g, 39.79%.2.5. Synthesis of disulfoimidophosphinate lead(II), [Pb((S)PiPr2)2N)2]
(4)
The synthesis of (4) is the same as (3) except (2) (9.7 mmol,
3.0 g) is used in place of (1). Elemental Anal. Calc. for C24H58N2P4-
S4Pb (Mw = 830.04): C, 34.73; H, 6.56; N, 3.37; P, 14.93. Found: C,
34.64; H, 6.79; N, 3.58; P, 15.41. 1H NMR (CHCl3): 2.20–2.08 (m,
8H; CH), 1.26–1.16 (m, 48H; CH3). 31P{1H} NMR (CDCl3):
60.07 ppm. m.p. = 179–181 C. Yield: 1.65 g, 41.43%.2.6. AACVD procedure
Typically, an aerosol generated from a solution of 0.2 mmol of
[Pb((E)PiPr2)2N)2] dissolved in tetrahydrofuran (10 ml) in argon is
created using a piezoelectric modulator from a PIFCO ultrasonic
humidifier (Model No. 1077). The aerosol is passed through a
quartz tube within a tube furnace (Carbolite) at 200 SCCM. The
material is deposited on to glass slides (approx. 1  3 cm) within
the quartz tube. The deposition from both precursors was carried
out at 450 C for 30 min [12].2.7. Instrumentation
1H NMR spectra were collected using a Bruker AVANCE III
400 MHz spectrometer. X-ray diffraction (XRD) patterns were
acquired with a Bruker D8 Advance diffractometer equipped with
a Cu Ka source. Electron microscopy was performed using an FEI
XL-30 scanning electron microscope (SEM) in a secondary electron
configuration. Size analysis was performed using Fiji [29]. Thermo-
gravametric analysis (TGA) and elemental analysis were performed
at the University of Manchester Microanalytical Laboratory, using a
Thermo Scientific Flash 2000 organic elemental analyser and a
Seiko SSC/S200 under N2. TGA profiles were acquired from room
temperature to 600 C at a heating rate of 10 C min1.
Crystals of [Pb((S)PiPr2)2N)2] were grown by the slow evapora-
tion of a solution of the complex in a mixture of chloroform and
methanol in a 1:2 ratio respectively. The crystal structures were
determined using a Bruker Smart Apex diffractometer with a Mo
Ka X-ray source and a CCD collector. The structure was solved
using direct methods and refined by full-matrix least squares on
F2. Calculations were performed using the SHELXTL package ver-
sion 6.10 [30]. Non-hydrogen atoms were refined with anisotropic
atomic displacement parameters. Hydrogen atoms were placed in
calculated positions, assigned isotropic thermal parameters and
allowed to ride on their parent carbon atoms.
Fig. 1. An ORTEP thermal ellipsoid representation of the structure of [Pb((S)PiPr2)2-
N)2] at 50% probability. CCDC number 1453807.
Fig. 2. TGA profiles for (a) [Pb((Se)PiPr2)2N)2] and (b) [Pb((S)PiPr2)2N)2].
Fig. 3. SEM images of the films produced from (a & b)
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The X-ray structure of [Pb((S)PiPr2)2N)2] shows that the ligands
bind in a bidentate fashion (Fig. 1) further details are given in SI
Tables 1–3. Around the SPNPS units the P–N and P–S bond lengths
are in near equal pairs suggesting the negative charge is evenly dis-
tributed across the ligand. However the Pb–S bond lengths belong-
ing to the same ligand, SI Table 2, vary by 0.29 Å suggesting the
ligands bind with some anisobidentate character and in turn that
one of the sulfur atoms possesses a partial negative charge.
The coordination geometry of the sulfur complex is very similar
to that of [Pb((Se)PiPr2)2N)2] and [Pb((Te)PiPr2)2N)2] which both
show delocalisation around the EPNPE unit but non-equivalent
Pb–E contacts. The average Pb–S bond length fits into a series with
Pb–S = 2.80 Å, Pb–Se = 2.92 Å and Pb–Te = 3.13 Å with the bond
length increasing with moving down the group. The previously
reported crystal structures of [Pb((Se)PiPr2)2N)2] and [Pb((Te)
PiPr2)2N)2] are isostructural but the unit cell for [Pb((S)PiPr2)2N)2]
is distinctly larger and is not isostructural or isomorphic with the
selenium and tellurium analogues, SI Table 4.
The TGA profiles for [Pb((S)PPh2)2N)2] and [Pb((Se)PPh2)2N)2],
Fig. 2, both show single step decompositions. The residual masses
are lower than predicted with [Pb((S)PPh2)2N)2] reporting 8.16%
(28.82% predicted) and [Pb((Se)PPh2)2N)2] 20.25% (28.11% pre-
dicted). This is attributed to volatilization of breakdown intermedi-
ates. The first derivative of the TGA profiles, SI Fig. 1 and SI Table 4,
show that [Pb((S)PPh2)2N)2] has a much higher decomposition
onset temperature, 244 C, compared to [Pb((Se)PPh2)2N)2] at
170 C. The turning points of the TGA profiles are similar at
362 C and 367 C for PbS and PbSe respectively.
SEM micrographs showed uniform films of cubes suggesting
formation of PbS and PbSe respectively Fig. 3. Size analysis of the
films gave particle sizes of 670.6 ± 42.2 nm and 440.7 ± 66.4 nm
for PbS and PbSe films, Fig. 3(a) and (c) respectively. XRD patterns[Pb((S)PiPr2)2N)2] and (c & d) [Pb((Se)PiPr2)2N)2].
Fig. 4. XRD patterns from the films produced. (a) PbS XRD pattern with dashed
lines representing ICDD 00-005-0592 and (b) PbSe XRD pattern with dashed lines
representing ICDD 00-006-0354.
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Fig. 4. Small peaks from the glass substrate are visible due to
incomplete coverage indicating that the film is very thin. EDX
spectra of both the PbS and PbSe films showed both Pb and the
corresponding chalcogen as well as peaks characteristic of the glass
substrate, SI Figs. 2 and 3.
4. Conclusions
In this study PbS and PbSe thin films have been successfully
produced by AACVD from [Pb((S)PPh2)2N)2] and [Pb((Se)PPh2)2N)2].
The composition of the films has been determined by XRD
confirming that PbS and PbSe have been produced. In addition the
X-ray single crystal structure of the selenium compound has been
determined.
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